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ABSTRACT 



A large, heavy duty industrial gas turbine is proposed as the prime 
mover for the propulsion plant in a large displacement high-speed Naval 
Auxiliary ship of the Fast Combat Support Ship Class (AOE-1 Class). The 
analysis consists of showing the feasibility of such a plant when oper- 
ating at full power, and includes size, weight and cost data along with 
a suggested plant layout for this specific class of ship. 

The cycle is of the combined gas turbine and steam type, and con- 
sists of a General Electric frame size 5 industrial gas turbine. The 
inlet to the compressor of the gas turbine is supercharged to 1.4 atmos- 
pheres by a 2 stage axial compressor which is steam driven. An external 
intercooler using seawater removes the heat of supercharger compression, 
and thus the inlet temperature to the main compressor is the same as 
ambient. The higher pressure at inlet, coupled with no increase in tem- 
perature , allows the gas turbine to perform at significantly higher 
power levels. The ship is driven by a controllable pitch propeller at 
50,000 SHP. 

Exhaust from the gas turbine is used to generate steam in an unfired 
waste heat recovery steam generator. The steam pressure is at 450 psig, 
750° F. and is used to drive the supercharger and for turbogenerator 
sets, as well as for normal hotel loads. This gives an all-purpose fuel 
rate at full power of 0.444 and a thermal efficiency of 0.316, base on 
Navy Distillate fuel. 

Among the conclusions reached concerning the feasibility of placing 
a supercharged heavy duty gas turbine in a marine environment are the 
following: 

1) It would be feasible to place a heavy-duty supercharged gas 
turbine and steam cycle aboard a large Naval Auxiliary ship. 

2) The specific fuel rate at full power, 0.444, is significantly 
better than that of the presently installed steam plant and 
compares favorably with aircraft derivative marinized gas 
turbines. The annual saving in fuel costs to the Navy would 
be on the order of 30%. 

3) While supercharging of the gas turbine is an interesting 
thermodynamic consideration, it is concluded that, in a marine 
propulsion plant with a combined cycle, the steam generated is 
best used by coupling a steam turbine directly to the main shaft. 
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4) The use of intercooling a gas turbine cycle aboard ship is 
particularly useful as it reduces sea salt concentrations. 

5) The life cycle costs of a steam plant are less than that of 
a supercharged gas turbine cycle. 
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1. INTRODUCTION 



The recent developments in the use of gas turbines for propelling 
ships has produced significant speculation as to the direction they are 
actually going to take in the coming years. The idea is still too new, 
the machinery not yet fully proven, to be able to draw any significant 
conclusions about the future. The gas turbine does have the general ad- 
vantages of ease in starting and automation, as well as low specific 
weight and volume. Some of the aspects which have tended to hold it back 
as a prime mover for ships are the fact that it is uni -directional (ar- 
rangements necessary to go astern), has poor performance except when at 
or near full power, and has a thermal efficiency which generally is lower 
than steam throughout the power ranges. 

The U. S. Navy and other navies of the world, as well as a few mer- 
chant ship owners , have purchased and tested second generation marinized 
aircraft derivative gas turbines with a fair amount of success. (1, 2, 3, 
4, 5) These engines have been developed from those used to power air- 
craft, and are small, very efficient, and operate at high pressure ratios. 
The other general family of gas turbine, the industrial, or heavy-duty 
type, has seen many hours throughout the world, primarily in land based 
requirements such as power generation, gas pipelines and chemical proces- 
sing plants. They have received very little, if any, attention in con- 
sideration as a propulsion plant for large ships. In the late 1950 T s, the 
Maritime Administration undertook a program to look at different propul- 
sion plants for merchant ships. One of these involved the use of an 
industrial gas turbine , and for four years the ship steamed successfully 
with very little maintenance problems, amassing a total of 10,000 hours 
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on the line with no major casualties. (6) The funds for this ship ran 
out in 1959, and there was no follow-on program to pursue the use of the 
heavy duty gas turbine in the shipboard environment. 

The U. S. Navy in the 1960's continued to rely on steam plants for 
all classes and sizes of ships. The United States has enjoyed a very 
favorable position in steam technology since World War II — in design, 
manufacture, as well as operating experience. The late 1960 's, however, 
showed some serious drawbacks to steam plants in the specific aspect of 
reliability and availability, and the numerous failures for the Navy's 
"ships of the line" began to wear severely the patience of its operational 
commanders. The early part of the decade had seen wide acceptance of air- 
craft derivative gas turbine for unconventional craft such as hydrofoils, 
patrol craft (7), and surface effect ships — any other power plant could 
not compete with its low pounds per horsepower ratio. Additionally, 
numerous studies had been made using combined cycles of steam and gas 
turbine (COSAG) (8), and many foreign navies had been using or building 
gas turbine plants since the first part of the decade. (9, 10, 11, 12) 

Thus the stage had been set for the gas turbine. With the status of the 
supercharged or pressure fired boiler as a maintenance disaster,* the fate 
of the steam plant was sealed. The success of the GTS Adm. William M. 
Callaghan in the use of aircraft derivative gas turbines convinced the 
U. S. Navy that there was indeed a future for this propulsion plant. The 
aforementioned advantages, plus the ability of an engine change out within 

*The author had the opportunity to serve as Engineer Officer on one of 
these ships, the USS J.A. Furer, a guided missile escort destroyer. 
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hours (as opposed to any maintenance aboard ship) gave the plant impetus 
to cause the Navy to choose aircraft derivative gas turbines for the new 
Spruance Class destroyer (DD 963) and the Patrol Frigate (PF) Class. 

The U. S. Coast Guard, in its Hamilton Class Cutter (WHEC 378 Class) 
uses Pratt and Whitney FT4-A aircraft derivative gas turbines coupled 
with diesels for cruise power. While all ships have proven to be fairly 
reliable, first indications are that the gas turbine plants may be extreme- 
ly costly to maintain. Most of the ships have had at least one change out 
of an engine, and some have had two, at an estimated cost of 150,000 dollars 
per change. The average time on these engines has been between 2-3,000 run- 
ning hours. While the engine change outs are relatively easy to accomplish 
in a short amount of time, there still remains a tremendous cost factor, and 
the "zip in, zip out" concept needs a second look from the dollars and cents 
point of view. (13) The second major problem with these engines has been 
failure of inlet guide vanes at about the 3,000-hour mark at an estimated 
cost of replacement of 20,000 dollars. In short, one must ask the rhetori- 
cal question of whether the aircraft derivative engine is truly suitable for 
twenty years in a marine environment where it must digest large quantities 
of salt air and where the machines are subjected to constant cyclic "G" 
forces in six degrees of freedom? This is a far cry from an aircraft which 
spends much of its time at a constant altitude , at the same power levels , 
and with nearly the same inlet conditions. 

While the aircraft derivative may eventually rule for ships with 
smaller displacements (hydrofoils, destroyers, etc.) the industrial gas 
turbine may be desirable for ships that are not volume limited. Larger 
ships in the Navy have always used steam plants, and the higher operating 
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costs at higher specific fuel rates have been accepted as the price to pay 
for good reliability, availability and maintainability. The industrial 
gas turbine in combinations with a waste heat boiler, or heat recovery 
steam generator, has thermal efficiencies and fuel rates significantly 
better than the steam plant. 

The advantages of heavy duty gas turbines have been made well known 
by the manufacturers, who claim: 

1) First cost competitive with A/C derivative G.T. , diesel and 

steam; 

2) High proven reliability in marine environment (SS John 

Sergeant) and nearly 35 million hours (GE) on the line — 
some of which has been in salt air environment in off- 
shore drilling rigs ; 

3) More rugged construction than A/C derivatives with durability 

approaching steam turbines; 

4) Longer times between overhaul than A/C derivatives (20,000 

vs 4,000 hours) and lower maintenance costs than A/C G.T. 

5) Manning requirements (ease of automation) competitive with 

diesel and A/C G.T., easier to automate than steam; 

6) Wider range of fuels allowed — although Navy distillate ex- 

pected, unsettled world conditions may make it strategi- 
cally important for support ships to be able to burn 
residual with minor modifications; 

7) Lower lube oil costs; 

8) Fuel rate competitive with diesel, steam and A/C derivatives; 
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9) Very low specific weight and volume for greater cargo capac- 
ity; 

10) Shorter time to get on the line and flexible power range 
with two-shaft G.T. 

With these factors in mind, coupled with the idea that industrial gas 
turbine will no doubt become more efficient as temperatures and pressure 
ratios increase, (Fig. 1:1 ) (14) it appears that Navy support ships (or other 
ships with very large displacements) could make use of the industrial gas 
turbine as they operate at high speeds a larger portion of their time. The 
platform used in the analysis of this supercharged combined cycle is the 
Fast Combat Support Ship (AOE-1 Class) whose mission is to run with a 
Fast Carrier Task Force and keep it supplied at sea with a minimum of time 
away from operations. 

A photograph of the ship Sacramento (AOE-1) is shown in Figure 1.2 
(15). The Sacramento Class has the following general characteristics: (16) 
Length : 792 feet 

Beam: 107 feet 

Draft: 39 feet 

Displacement: 53,600 tons 

Speed: 26+ knots 

Shaft horsepower: Twin screw @ 50,000 SHP each 

Crew: 608 officers and men 

Fuel capacity: 8,000,000 gallons 



ESSURE 
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Figure 1.2 USS Sacramento (AOE-1) Underway (15) 
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2. SELECTION OF A GAS TURBINE CYCLE 



In Chapter 1, the feasibility of using an industrial gas turbine as 
a prime mover for ships was discussed. As stated earlier, most of the 
heavy-duty gas turbine applications would be expected to be used in a 
larger ship, on the order 20,000 tons or greater. From a thermodynamic 
standpoint, what would be the most effective cycle to use to drive the 
Fast Combat Support Ship (A0E-1 Class)? For purposes of simplification, 
the closed cycle gas turbine and reheat cycles have been ruled out. One 
may then consider the following five cycles: (Fig. 2.1) 

1. Simple Cycle 

2. Regenerative Cycle 

3. Intercooled (external or internal) 

4. Intercooled and regenerative 

5 . Any of the above in combination with a vapor cycle 

(e.g. steam) using the gas turbine exhaust 
The simple cycle, while it is generally economically competitive with 
other prime movers, with respect to acquisition costs, has a rather low 
thermal efficiency and is dependent on low fuel costs unless the pressure 
ratio and turbine inlet temperatures are high. The regenerative cycle in- 
creases the thermal efficiency significantly at low pressure ratio, but 
the large acquisition costs coupled with size and weight considerations 
has ruled out its use by itself in many power applications. Additionally, 
the use of a regenerator alone reduces the output because of the additional 
pressure drops. The regenerator tends to have the most pronounced effect 
on conserving thermal energy at lower pressure ratios (less than about 5:1) 
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depending to some extent on firing temperature. With most modern industri- 
al gas turbines operating at higher pressure ratios, the object then be- 
comes to reduce compressor horsepower in any available way. This calls for 
intercooling of the compressor between stages, either internally or exter- 
nally. Here also, there is an associated pressure loss, but the reduction 
in air temperature with subsequent reduction in compressor work offsets 
this pressure loss, assuming a well designed heat exchanger. 

The intercooled and regenerative cycle allows for a very efficient 
combination, since intercooling alone does not warrant the added cost. 

With a lower discharge temperature from the compressor due to intercooling, 
the energy in the exhaust may now be regained by using a regenerator, as- 
suming the gas turbine exhaust temperature does not approach too closely 
the compressor outlet temperature. It would appear then that this cycle, 
from the standpoint of specific power and thermal efficiency, is the most 
desirable one. 

An alternative way to improve the efficiency of the gas turbine cycle 
is to add a vapor cycle (generally steam) by using the waste gases from the 
gas turbine in a Rankine cycle. This method has been used in many different 
applications throughout the world where fuel costs are high. While a waste 
heat boiler could be used in concert with a regenerator, most applications 
would dictate one or the other insofar as insufficient heat would remain 
after the regenerator to generate any appreciable amount of steam in the 
heat recovery steam generator. Thus the consideration of a combined cycle 
for purposes of analysis will be made with an intercooler and a waste heat 
boiler. Comparative efficiencies of combined cycles are shown in Figure 
2.2 (17). The choice of steam as the working fluid in the Rankine cycle 
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is an obvious one, as the steam technology (particularly shipboard) has 
been developed to a level that allows for reliability and ease of mainte- 
nance. Additionally, steam is desirable due to its properties which 
enable one to transfer the waste heat to another fluid which is capable of 
producing work down to a lower temperature level. Thus the combined cycle 
allows significant increase in thermal efficiency and attendant reduction 
in specific fuel consumption while not detracting too much from the basic 
simplicity of the gas turbine. 

The combined cycle may take many forms. However, two large distinc- 
tions may be made in their use, particularly with respect to ships: 

1. The heat recovery steam generator may be unfired or 

fired. The latter can be done in a variety of 
ways but generally a grid type fuel oil burner, 
spray nozzles , or a hot gas generator at boiler 
inlet are used; 

2. The steam may be used to drive a steam turbine coupled 

to the propeller shaft to provide primary power; 
this is usually called COSAG with the gas turbine 
providing the "boost" power; the steam turbine 
may be used for secondary or "boost" power, with 
the gas turbine providing main power--this is 
usually referred to as COGAS or STAG. (18, 8) 

Both of these systems have seen use in the propulsion of ships — COSAG 
plants have been used in European navies and the General Electric Company 
is about to install a steam and gas turbine (STAG) cycle on two roll-on, 
roll-off containerships for Broken Hill Proprietary Company, Ltd., in 
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Australia and in one ethylene /me thane tanker for Hilmar Reksten in Norway. 
(See Figure 2. 3) (19.) The John Sergeant did have a waste heat boiler in 
use for hotel loads , but the steam turbine was only coupled to the shaft 
in the event of an emergency. 

A common reaction to the combined cycle is that it is very complex-- 
the worst of both worlds, if you will. To some extent this is true — the 
complexity has gone up, the ability to make full power out to the shaft is 
dependent on more components — but these comments deserve a second look. 
First of all is the consideration of fuel consumption. While the simple 
cycle looks like a well packaged prime mover, it suffers from unacceptable 
specific fuel consumption and as Figure 2.4 (20) shows, 73% of the input 
heat energy is lost up the stack. (20) While the use of it as a prime 
mover for a naval vessel may reduce this argument somewhat, perhaps the 
Navy, in the corporate sense, should look more closely at life cycle costs 
with respect to fuel. For one ship the added fuel costs may be only a 
small portion of the operating costs, but for a class of 20 ships this can 
add up to a sizable portion of the operational budget. In the combined 
cycle, the waste heat boiler in the unfired configuration allows the steam 
evaporation rate to float and no sophisticated control system is required. 
Also the steam part of the combined plant is smaller than the equivalent 
steam plant yet produces the same power out to the shaft, with correspond- 
ingly smaller component and pipe sizes, etc. 

An attractive variation of the combined gas and steam turbine uses 
the steam cycle to drive a supercharger "pre-compressor” rather than to 
couple a steam turbine directly to the shaft. The supercharged cycle 
would include an intercooler to use the heat sink of the sea, so readily 
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(a) STEAM PLANT 




73% Exhaust loss 

2*5% Radiation and 
mechanical loss 

0*7% Ship’s load 

23*8% 
Propulsion 
power 



(b) SIMPLE GAS 
TURBINE 



657% Exhaust loss 

■ 2*5% Radiation and 
^mechanical losses 

l/r1% Shipload 

■£■*30*8% 

Propulsion 

power 

1 ^% 

(c) REGENERATIVE 
GAS TURBINE 




26*8% Exhaust and 
boiler losses 

27% Radiation and 
mechanical losses 
2*2% Ship's load 

36*3% 
Propulsion 
power 



32% Condenser 



(d) COMBINED STEAM 
AND GAS TURBINES 



Figure 2.4 Energy Flow Diagram (20) 
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available on a ship. Shipboard gas turbine plants generally do not use 
intercooling and it would appear that more consideration of this prospect 
is warranted. In making a comparison with the steam plant, it should be 
noted that the STAG plant is normally not intercooled for shipboard use. 
This form of combined gas turbine and steam cycle is the subject of the 
thesis . 

The supercharging of industrial heavy-duty gas turbines has not been 
practiced to any appreciable degree in the United States or anywhere in 
the world as well as can be determined. The basic principle is simple — 
the airflow through a gas turbine can be increased by the use of a super- 
charger to raise pressure at compressor inlet. The Lake Nasworthy combined 
cycle of West Texas Utilities was the first installation of a supercharged 
gas turbine. It consists of a Westinghouse W-301 gas turbine rated at 
25,000 KW and supercharged at 53 in. water pressure (1.9 psig) by using a 
large motor driven fan. It used a Slough-Deflon evaporative intercooler 
and the resultant power out was 31,500 KW, a 26 % increase in power. (21) 
The largest supercharged plants now in existence are part of a Dow Chemical 
Power Plant in Freeport, Texas. One of the three supercharged plants uses 
a Westinghouse W-501 gas turbine rated at 37,000 KW and the supercharged 
output is 43,000 KW, an increase of 16%. The supercharging fan for this 
plant also operates at 53 in. of water. (See Figure 2.5)(22,23.) 

The thermodynamics of supercharging are developed from the basic anal- 
ysis of one of the key gas turbine parameters, the flow function: 

K = ^ 

° A 0 P 0 

If the values of K Q , A Q and are held constant and the inlet pressure is. 
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say doubled, the mass flow will double. Thus, if the inlet temperature 
stays the same the mass flow going through the machine doubles. The work 
of the turbine will not double, however, and the turbine exhaust tempera- 
ture has now fallen. Noteworthy in the analysis is that the inlet tempera- 
ture to the gas turbine must not change, and thus the intercooler is used 
to remove the heat of compression. In short, the gas turbine sees inlet 
air that remains at ambient temperature (ideally), but which is at a higher 
pressure. While there will be power required to drive the fan, the in- 
crease in power from the gas turbine will be two to three times that re- 
quired for the supercharging compressor. (21) 

One method of approach in calculating the effect of supercharging is 
given in reference (21). There the power output is first calculated by 
assuming the hypothetical case when the inlet pressure is the same as the 
exhaust pressure. The power determined from this hypothetical case is 
then adjusted for supercharging using a relationship between power in- 
crease and supercharge as shown in figure 2.6 (21). A linear relationship 
between percent increase in power resulting from supercharge will hold and 
can be expressed as follows: 

percent power increase = K x percent supercharge 

w ^ere . 

K = 1 + f e x R x * §1 

1 1 3.62 x io H HP > 

e = supercharger compressor efficiency, percent 

g = generator x gear efficiency, percent 

°R = exhaust temperature 

lb/hr = air flow at NEMA standard conditions 

HP = power output 
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Figure 2.6 Gas Turbine Power Increase versus 
Supercharging Pressure Ratio (21) 
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With the decision made to examine the feasibility of a supercharged 
combined cycle, the question which had to be answered was what would be a 
desirable pressure ratio for the supercharger? In order to analyze a pro- 
pulsion system that could actually be used with "off the shelf" components 
(with little or no research and development costs) the pressure ratio was 
dependent on three parameters : 

1. The shaft output of the AOE-1 Class, 2 * 50,000 HP; 

2. The power ranges of available industrial gas turbines; 

3. The power requirements for the steam plant and specif- 

ically the power required to drive the super- 
charger, either electrically or with steam. 

With the shaft output fixed at 50,000 shaft horsepower (one shaft), a re- 
view of available heavy duty gas turbines indicated that the General 
Electric Company of Schenectady, New York, provided a possible turbine. Ad- 
ditionally, the company was involved in developing a STAG cycle for ship 
propulsion and some machines had "salt air" experience. While a gas tur- 
bine could have been chosen that had the supercharger directly coupled to 
the main compressor shaft, and an intercooler added, this would have re- 
quired development of a specific gas turbine and would have somewhat re- 
duced the flexibility of the power ranges. Thus the decision was made to 
go with a steam driven supercharger (to keep electric plant of the ship in 
the same configuration) external to the gas turbine, a tube and shell, 
platefin, or finned tube intercooler heat exchanger using seawater as a 
cooling medium, and an industrial gas turbine which would fit the power 
ranges. Two gas turbine of the Model Series 5000 were chosen, both two 
shaft machines, with one shaft coupled directly to the compressor and a 
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second or load shaft coupled directly to a controllable pitch propeller 
via variable angle inlet nozzles. The brief characteristics of the two 
turbines are : 

THERMAL PRESS. EXHAUST 







Fuel 


BHP 


EFF, LHV 


RATIO 


AIR FLOW 


TEMP. 


M5222 


(B)* 


Dist. oil 


21,910 


25.3 


8.2 


240.1 lb/sec 


793°F . 


M5322 


(B) 


Dist. oil 


31,700 


27.0 


8.2 


256.3 lb/sec 


932°F. 



*The Model Series 5000 notation uses the middle two digits as the basic 

horsepower rating, while the last digit indicates the number of shafts. 
There are both A and B machines, they differ from the ’ straight T MS 
5000 primarily insofar as the pressure ratio is concerned. The base 
machine has a pressure ratio of 7.6, while the A machine is lower at 
6.9. The B machine has more compressor stages and the turbine noz- 
zles and blades are at a slightly different angle from design A. 

The analysis is shown in Table 2.1 and 2.2. To make a first cut for a 
feasible cycle, the following assumptions were made in these following 
calculations : 

1. Supercharger polytropic efficiency, 0.86 

2. Pressure loss in intercooler, 0.6 psia 

3. Initially assumed that an additional stage would be 

added to the load turbine; polytropic efficiency, 

0.86 

4. Exhaust temperature set at 350° F. 

5. Lower heating value of No. 2 distillate, 18,400 
The results of these tables are plotted graphically in figures 2.7 and 
2.8. Of prime importance now became the steam pressure and flow rate of 
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TABLE 2.1 Supercharging Pressure Level Feasibility G.E. MS 5222 (B) 



Basic HP = 21,910, m = 240.1 lb/sec, exhaust 793° F. 

SUPERCHARGER PRESSURE RATIO 



1.2 1.4 1.6 



1.8 



Supercharger Compress 



Let n 



poly 



= 0.86, n 



Y = 1.4 

- Ill = 

V . 



.4 

,86 x 1.4 



.3322 



(1) 


AT 

^T- = l-(PR)n= 


1- (PR) * 3322 


.0624 


.1183 


.1689 


.2156 


(2) 


AT = 530° R x 


(1) 


33.072 


62.699 


89.517 


114.268 


(3) 


Pressure into G.T. = PR -.041 
(AP in intercooler 6 piping) 


1.159 


1.359 


1.559 


1.759 


(4) 


HP of G - T 'base 


x (3) 


25,393 


29,776 


34,158 


38,539 


(5) 


™new “ ^base x 


(3) 


278.28 


326.30 


374.32 


422.34 


Additional Stage 












Y 


= 1.36, C = 0 
P 


.26, hpo^ - 0.80, 


n = n p P^ = 


. 80( .36) 
1.36 


= .'2118 




(6) 

(7) 


II = (pR)h = (PR) * 2118 
t 2 

T-l = 793 + 460 = 1253 


1.0317 


1.0671 


1.0986 


1.1270 


(8) 


T 2 = T x /( 6 )° R 




1214.5 


1174.2 


1140 . 5 


1111.8 


(9) 


T 2 , ° F (exhaust temperature) 


754.5 


714.2 


680.5 


651.8 


(10) 


AT, 793 - T 2 0 


F 


38.5 


78.8 


112.5 


141.2 


(11) 


Addt'l. HP, me 


p AT = . 3678mAT 


3,940 


9,457 


15,488 


21,934 


(12) 


Total HP to shaft 


29,333 


39,233 


49,646 


60,473 



TABLE 2.2 Supercharging Pressure Level Feasibility G.E. MS 5322 (B) 



Basic HP = 31,700, m = 256.3 Ib/sec, exhaust = 932° F. 



Y = 1.4 

n p = 0.86, n = .3322 

(1) ^ = 1 - (PR) n = 1 - (PR)- 3322 
T 1 

(2) AT = 530° R x (1) 

(3) Pressure into G.T. = PR -.041 

(4) HP of GT base x ( 3 ) 

(5) "new = ™base x (3) 

Additional Stage 

Y = 1.36, c p = 0.26, n p = 0.80 

(6) = (PR) n = (PR)' 2118 

(7) T = 932 + 460 = 1390° R 

(8) T 2 = LL.°R 

(9) T2 0 F (exhaust temperature) 

(10) AT, 932 - T 2 ° F 

(11) Addt’l. HP, mCpAT 

(12) Total HP to shaft 



SUPERCHARGER 


PRESSURE 


RATIO: 


1.2 


1.4 


1.6 


1.8 


.0624 


.1183 


.16 89 


.2156 


33.072 


62.699 


89.517 


114.268 


1.159 


1.359 


1.559 


1.759 


36,740 


43,080 


49 ,420 


55,760 


297.05 


348.31 


399.57 


450.83 



n = (y ~ 1)T1 P = - 2118 



Y 

1.0317 


1.0671 


1.0986 


1.1270 


1349.2 


1304.4 


1270.0 


1235.1 


889.2 


844.4 


810.0 


775.1 


42.8 


87.6 


122.0 


156.9 


4,676 


11,222 


17,929 


26, 300 


41,416 


54,302 


67,349 


82,060 
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Figure 2.8 Steam Cycle Power Output 
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steam necessary to at least drive the supercharger and to maintain the 
electrical load, while having a pressure ratio that would give the re- 
quired shaft horsepower. As may be seen from Figure 2.7 -the 5222B machine 
indicated a pressure level of 1.6 for the supercharger to be the most de- 
sirable one, while the pressure ratio for the 5322 machine produced the 
required horsepower at just over a pressure ratio of 1.3. Looking at 
Figure 2.8, one notes the basic supercharger operating line, this is the 
power required to drive the supercharger at the various pressure ratios. 
Additionally, however, there is a requirement to drive 4-1500KW turbo- 
generators as well and this line is plotted. The available steam flow 
for the heat recovery steam generator for each gas turbine with a stack 
temperature of 350° F. is then plotted in order to see where the desirable 
pressure ratio lies. At first glance, it appears that the 5222 machine 
operating with a supercharged pressure ratio of 1.2 is the most desirable, 
but referring to Figure 2.7, it can be seen that the power levels at this 
pressure ratio produce only 30,000 SHP. The other machine intersected at 
over a pressure ratio of 1.5 — this gave much more power than was needed. 
Therefore, the decision was made to use a pressure ratio of 1.4 and the 
5322 gas turbine — this gave sufficient power to drive the supercharger and 
turbo-generator sets and provided sufficient power out to the shaft to 
drive the ship at maximum speed. Admittedly, there is more power than 
needed, but for a ’first cut’ feasibility and without consideration of 
gear efficiency and other losses, this decision appears to have been satis- 
factory. 
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3 . THE SUPERCHARGED GAS TURBINE AND STEAM CYCLE 
3.1 General Description 

The basic plant setup at full power for this cycle is shown in 
Figure 3.1. Table 3.1 shows the critical parameters in the cycle at full 
power, 17 -knot endurance and 12-know replenishment powers. The off- 
design points will be addressed in more detail in section 3.^, and there- 
fore this section describes the plant in the full power condition, unless 
otherwise noted. 

Looking at Figure 3.1, air is taken at ambient conditions at 70° F. 

and 1^.7 psia into the supercharger compressor. The inlet section contains 

a standard inlet and filter house, de-mister, and de-icer — all primarily 

to keep foreign particles and sea salts out of the system. The air is 

pressurized to 20.6 psia, then passed through an extended finned tube 

. o 

intercooler, with sea water design inlet temperature at 67 F. and the 

sea water running through the tubes, with the gases passing around them in 

a conventional crossflow unmixed heat exchanger design. The purpose of 

the intercooler is to reduce the heat of supercharging by use of the ocean, 

a large heat sink readily available. From here the air passes to the in- 

o 

let of the heavy-duty gas turbine at a temperature of 70 F. and a pres- 
sure of 20.0 psia. The pressure loss suffered at inlet to the main com- 
pressor is due to the intercooler (.3^9 psia) and the ducting, separator, 
and compressor inlet section (.251 psia). 

The General Electric MS 5322 gas turbine consists basically of a 
compressor section, a combustion section and a two-stage expansion section. 
(2U) In the supercharged cycle, the temperature from the compressor is 
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TABLE 3.1 SUPERCHARGED CYCLE CHARACTERISTICS 







FULL 


17 -KNOT 


12 -KNOT 






POWER 


ENDURANCE 


REPLENISHMENT 


1 . 


Air Inlet Temp., ° F. 


70.0 


70.0 


70.0 


2. 


Air Inlet Pressure, psia 


14.7 


14.7 


14.7 


3. 


Supercharger Pressure Ratio 


1.4 


1.17 


1.13 


4. 


Supercharger Discharge Temp. , °F. 


131.0 


100.0 


85.0 


5. 


Supercharger Discharge 










Pressure, psia 


20.6 


17.2 


16.6 


6. 


Sea Water Inlet Temperature , 










Intercooler, ° F. 


67.0 


67.0 


67.0 


7. 


Sea Water Outlet Temperature, 










Intercooler, ° F. 


85.0 


83.0 


74.0 


8. 


Gas Turbine Inlet Temp., ° F. 


70.0 


70.0 


70.0 


9. 


Gas Turbine Inlet Pressure, psia 


20.0 


16.6 


16.0 


10. 


G.T. Compressor Dishg. Temp., °F. 


567.0 


430.0 


430.0 


11. 


G.T. Compressor Dishg. Pres- 










sure, psia 


164.0 


84.5 


81.3 


12. 


Combustor Heat Rate, Btu/hr 


405X10 6 


109*10 6 


70xl0 6 


13. 


G.T. Firing Temperature, °F. 


1700.0 


1230.0 


1110 . 0 


14. 


G.T. Turbine Inlet Pressure, psia 


159.0 


82.0 


78.7 


15. 


G.T. High Pressure Speed, RPM 


5100 


4060 


4060 


16. 


G.T. Low Pressure .Speed, RPM 


4670 


2800 


2000 


17. 


Shaft Horsepower, Ship 


50,200 


11,100 


6,750 


18. 


Shaft Speed, RPM 


140 


84 


60 


19. 


Propeller Pitch, Percent 


100 


100 


100 


20. 


Second-Stage Variable Angle 










Nozzles , Degrees 


0 


+2 


+4 


21. 


G.T. Exhaust Temperature, 0 F. 


853.0 


703.5 


624.5 


22. 


G.T. Exhaust Flow, lb /hr 1, 


252,253 


856,000 


826 ,000 


23. 


HRSG Stack Temperature, ° F. 


355.0 


375.0 


400.0 


24. 


HRSG Recirculation Rate, Ib/hr 


96,000 


43,000 


27,000 


25. 


HRSG Back Pressure, "H2O 


9 


4.4 


4.1 


26. 


Superheated Steam Flow, lb /hr 


102,000 


39,650 


24,930 


27. 


Saturated Steam Flow, lb /hr 


15,000 


15,000 


10,500 


28. 


Superheater Steam Temp., °F. 


750.0 


680.0 


620.0 


29. 


Superheated Steam Pressure , psi 


450.0 


450.0 


450.0 


30. 


HRSG Steam Drum Pressure, psi 


475.0 


475.0 


475.0 


31. 


Gas Temp. Leaving Superheater, 










0 F. 


800.0 


680.0 


615.0 


32. 


Gas Temp., Leaving Evaporator 


510 


480 


475 


33. 


Turbogenerator Load, KW 


2000 


570 


1115 


34. 


Turbogenerator Steam Flow lb/hr 


22,500 


7,550 


13,750 


35. 


Diesel Generator Load, KW 


0 


0 


1000 


36. 


Supercharger Steam Flow, lb /hr 


53,223 


16,257 


9,804 


37. 


Steam Dumped , ' lb/hr 


23,617 


14,984 


796 


38. 


Feed Pump Steam Flow, lb /hr 


1,660 


859 


580 


39. 


Feed Pump Dischg. Pressure, psig 


700 


700 


700 
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567° F. at a pressure of l6h psia enroute to the combustor, which burns 
Navy Distillate fuel. There is a 3% pressure loss in the combustion 
cans which deliver the gases to the high pressure turbine at a firing 
temperature of 1700° F. Polytropic (stage) efficiency of the HP turbine 
is 0.87* The gases then pass to the second stage or low pressure tur- 
bine (load turbine) via variable angle nozzles, which control residual 
power basically by changing the velocity triangle of the load turbine. 
The expansion in the LP turbine is accomplished in one stage ( rtp = .8U) 
instead of an added stage as assumed in feasibility study in Chapter 
Two. Leaving losses remain at an acceptable level. The load turbine is 
coupled directly to the main reduction gear and via a 33.^ :1 reduction, to 
the controllable and reversible propeller. 

The exhaust gas temperature is 850° F. and the gas flow is 3^1.5 

pounds per second. These gases are ducted directly to an unfired 

heat recovery steam generator which contains economizer, evaporator, and 

superheater sections. The economizer is fitted with a recirculation pump 

. o 

to bring the feedwater temperature up to 240 F., and the heat recovery 

steam generator is also fitted with a by-pass to the uptakes (stack) if 
the steam cycle is not in use due to required maintenance underway. The 
steam generator operates at a steam drum pressure of U75 psig and line 
pressures and temperatures to operate machinery as shown in Figure 3.1 • 
are U50 psig, 750° F. Some of the steam generated is taken directly from 
the steam drum (15,000 lbs/hr) and passed through reducers for use in the 
evaporators, for heating and galley steam, and for crew living. The su- 
perheated steam is used to drive the steam driven supercharging compres- 
sor, two 1500 KW turbogenerators, and the main feed pump. The 
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turbogenerators and feed pump operate at a constant inlet pressure of 

450 psig — line pressure is controlled by a pressure control valve located 

at the inlet to the supercharging steam turbine. This pressure control 

valve dumps any excess steam to the main condenser and admits steam to 

the supercharger turbine as the demand changes, as explained in section 

3.4.1. All three major components exhaust to one large main deaerating 

condenser operating at 1.0 psia (2" Hg) and saturated steam temperature 
o 

of 101 F. The condenser has the function of removing oxygen and dis- 
solved gases from the feedwater, thus it is very similar to condensers 
used on submarines, which have no deaerating feed tank. Additionally, 
the condenser must be able to admit large quantities of "dumped” steam 
via breakdown orifices and nozzles. 

Positive suction is taken from the hotwell of the main condenser by 
a condensate pump which discharges at approximately 60 psig to the suc- 
tion side of the steam driven main feed pump. The feed pump discharges 

feedwater to the steam drum of the heat recovery steam generator at a 

o 

pressure of 700 psig and temperature of 105 F. This low feed tempera- 
ture coming from the feed pump is heated to 240 F. by an economizer re- 
circulating pump in order to reduce corrosion in the economizer. Hydra- 
zine or sodium sulfite will be added to the feedwater as oxygen scavengers 
before the feedwater enters the steam generator. It is envisioned that a 
continuous monitor for oxygen and chlorides would be installed on the dis- 
charge side of the feed or condensate pump. 

3.2 Gas Turbine Propulsion System 

3.2.1 General Description of the Gas Turbine (24) 

A schematic diagram of the MS 5322 General Electric gas turbine is 
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shown in Figure 3.2. (24) The compressor section is a 16 -stage compres- 

sor with a pressure ratio of 8.2:1. The compressor casing and blading 
(bending stresses) at supercharged power levels require no modification 
to present design. The gases flow to a combustion system composed of 
twelve 10-inch diameter chambers located around the outside of the com- 
pressor casing and enclosed in a combustion wrapper or shell. Here 

Navy distillate is burned at the rate of 405 million Btu/hr at full 

o 

power at a firing temperature of 1700 F. and these hot gases pass di- 
rectly to the high pressure turbine. The high pressure , or compressor 
turbine, rotates at 5100 RPM at full load. The first-stage nozzle has 
twelve segments with three vanes which enable trailing edge cooling by 
using compressor air. The gases then pass to the low pressure (load) 
turbine through 32 precision cast nozzle vanes mounted on shafts that ex- 
tend radially through the turbine casing. Each shaft carries a lever arm 
that connects to the control ring which rotates around the casing to vary 
the nozzle throat area. The nozzle control ring is actuated by a hydraulic 
cylinder operated by the control system, which changes the angle setting 
depending on the load. 

A detailed description of the gas turbine with photographs of the 
above components is contained in Appendix C. 

3.2.2 Supercharger Compressor 

As discussed in Chapter 2, the decision was made to operate the 
supercharger at a pressure ratio of 1.4 to get the desired output. This 
pressure ratio presented a problem in the design of the propulsion plant. 
This pressure ratio might be said to be located in the twilight zone of 
generally available characteristics, i.e., too high for a large fan 



-44- 




Figure 3.2 Schematic Diagram of the Two-Shaft Heavy Duty 



Marine Gas Turbine (24) 
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(50-60 in. of water) and yet too low for most of the many aircraft engine 
compressors which do not go below pressure ratios of 2.0:1. Finding com- 
pressor characteristics which would operate throughout the range of the 
cycle was necessary to insure a feasible design and prevent surge or 
choke at off-design points. 

The compressor characteristics for the supercharger are shown in 
Figure 3-3. They were developed by taking M.I.T. Gas Turbine Laboratory 
curves (Figures 3.4 and 3.5) (25) (26) for a single-stage axial flow com- 
pressor and combining them into a two-stage axial compressor to obtain 
the desired characteristics. The calculation procedure for obtaining the 
characteristics , as well as sizing and speed determination may be found 
in Appendix A, Thermodynamic Considerations of the Cycle. Basic design 
features of the compressor may be found in Table 3.2. 



TABLE 3 . 2 SUPERCHARGER COMPRESSOR CHARACTERISTICS 

Type: Two-stage axial flow compressor 

Prime Mover: 12-stage steam turbine, direct coupling 

Pressure Ratio: 1.4:1 

Stage Efficiency: 0.901 

Speed: 4950 RPM at full rating 

Diameter: 3.89 feet 

Length: 3.00 feet (estimated) 

Blade Speed (max) : 1000 ft/sec 

Blade Length: 1.93 feet 

Blade Hub/Tip Ratio: 0.55 

Flow Rate (max): 348.5 lbs/sec 

Flow Area: 8.13 ft 2 



3.2.3 Intercooler 

The intercooler is of the extended surface circular finned tube type 
and has basic dimensions of 5 ft. by 5 ft. by 20 ft. The design for fea- 
sibility used procedures in reference (27) and the results are shown in 
Table 3.3. The decision to use circular-finned tubes instead of plate-fin 
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Figure 3.3 Supercharger Compressor Characteristi 
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Figure 3.4 M.I.T. Gas Turbine Lab Curve No. 6, P_/P, versus m/m* (25) 
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Figure 3.5 M.I.T. Gas Turbine Lab Curve No. 7, T~/T-i versus m/m* (26) 
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TABLE 3 . 3 INTERCOOLER CHARACTERISTICS (FULL POWER) 

(See Appendix B.) 



Type: Continuous finned circular tube (Jameson Data) 



No. CF - 3/4 

Air Flow Rate: 

Air Temperature , Entering: 

Air Pressure, Entering: 

Air Temperature, Leaving: 

Air Pressure, Leaving: 

Salt Water Flow Rate: 

Salt Water Temperature, Entering: 

Salt Water Temperature , Leaving: 

Fin Material and Conductivity: 

Fin Length: 

Fin Thickness: 

No. of Tubes: 

Tube Diameter (I.D.): 

Overall Heat Transfer Coefficient: 
Number of Heat Transfer Units (NTU): 

l "min / ^max : 

Overall Surface Efficiency: 
Intercooler Effectiveness, e: 

Gas Pressure Drop: 

Intercooler Length: 

Intercooler Width: 

Intercooler Height: 



J-E (27) (See Fig. B.l) (68) 

1.277.000 lb/hr 
131° F. 

20.6 psia 
70.2° F. 

20.251 psia 
3,000,000 lb /hr 
67° F. 

85° F. 

Aluminum, K = 100 Btu/hr-ft ° F. 
0.2595 in. 

0.012 in. 

1321 

0.774 in. 

21.0 Btu/hr-ft 2 ° F. 

3.6 
0.105 
0.90 
0.95 

0.349 psia 
20 feet 
5 feet 
5 feet 
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or other design was predicated on the fact that salt water flowing in 
the tubes was used as a cooling medium. A plate-fin intercooler might 
allow undesirable salts into the air passages in the event of leakage, 
and this could cause complete failure of the hot gas section of the gas 
turbine . 

Intercooling was used to enable the gas turbine to use the same 
inlet temperature as ambient but at a higher pressure level, thereby in- 
creasing power. While intercooling is generally more widely used at 
higher temperatures, its presence in the cycle does • increase the overall 
thermal efficiency and uses the ocean to reject heat. Most gas turbine 
designs for marine propulsion do not use intercoolers , most probably due 
to size and weight constraints. However, in a large ship with relatively 
spacious engine rooms, an intercooler may be added quite readily. The 
intercooler was placed into the cycle as a separate component (versus 
integral with gas turbine compressor) to allow an existing gas turbine. 
Sea water will be taken from the main scoop injection section of the main 
condenser, with a salt water circulating pump (motor driven) to provide 
flow through the intercooler at low speeds . 

One advantage of using an intercooler in a gas turbine cycle is the 
tendency for the intercooler to remove sea salts which pass through the 
inlet house and demister which are located upstream of the supercharger 
compressor. As may be seen from Figure 3.1, a separator has been added 
immediately after the intercooler. This is of the louvered inertial type, 
similar to the Dyna-Vane air cleaner cell. (See Figure 3.6) (28.) The 
cooling of the air ‘in the intercooler at the higher pressures would tend 
to condense and settle out entrained water and sea salts. While an 
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Figure 3.6 Louvered Inertial Separator (28) 
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additional separator adds to the cost of the plant and may he somewhat 
conservative, the results of compressor fouling can reduce the efficiency 
and power out from the gas turbine. (29) Additionally, as stated be- 
fore, sodium in large quantities on hot gas parts can result in cata- 
strophic turbine failures. Average sea-salt aerosol concentrations are 
shown in Figure 3-7 (30) 

A detailed analysis of the intercooler design may be found in 
Appendix B. 

3.2.4 Transmission System 

3.2. 4-a. Reduction Gear 

The decision to use a standard reduction gear was predicated on the 
fact that the plant uses a controllable and reversible pitch propeller. 

Gear technology is such that this component is perhaps the most reliable 
element in the transmission system. The reduction gear chosen is a single- 
input, s ingle- output , double helical dual torque path type with a separate 
segmented main thrust bearing as shown in Figure 3.8 (3l). Figures 3.9 
and 3.10 (32) show that this thrust bearing is made integral with the 
reduction gear casing. The main thrust bearing is usually aft of the 
gear coupling to the main shaft, but engine room size constraints dictated 
an integral design. 

Of primary concern in the design of this gear is that 50,000 shaft 
horsepower from a single-input, single-output reduction gear is near 
state-of-the-art design. Admittedly, the gear tooth loadings are high 
as shown in Table 3.4, but the design remains feasible as indicated by 
the General Electric Company. 
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Figure 3.7 Averaged Sea Salt Aerosol Concentrations (30) 
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Fi glare 3.8 Main Reduction Gear (31) 
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Figure 3.9 Main Reduction Gear — Elevation (32) 
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Figure 3.10 Main Reduction Gear — Cross Section (32) 
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TABLE 3.U REDUCTION GEAR DESIGN (32) 



Design Shaft Horsepower: 

Gear Efficiency: 

Reduction Ratio:33.4:l (4670/140 
Lube Oil Requirement: 

Loading per inch of gear face 
per inch of pitch diameter: 

Tooth Root Stress (Dolan- 
Broghamer ) 

K Factors : 



50,000 

.985 

at full power) 

320 GPM 

High speed rotors 1785 
Low speed rotors 2770 

High speed rotors 20 ,900 psi 
Low speed rotors 22,800 psi 
High speed rotors 150 
Low speed rotors 125 



3.2.U-b. Controllable and Reversible Pitch Propeller 

A controllable and reversible pitch propeller was chosen to propel 
the ship as it appeared to be the least complex and most reliable. Choice of 
other possibilities included reversing gears and/or clutches, a hydraulic 
transmission system, electric drive or even a reversing gas turbine. 

Marine controllable pitch propellers, first developed in the mid 1930s 
have been available for some 35 years. Only recently, however, has there 
begun to be widespread use of them — both in the numbers in use and the 
horsepower ratings. 

Again, the primary question which must be answered for proof of 
feasibility is the very large power level at which the propeller will be 
operating. Largest installations to date are near 30,000 shaft horse- 
power, and while the U. S. Navy is about to test a Uo ,000 SHP propeller 
for the DD-9o3 class of destroyers, 50,000 SHP does represent a large 
jump in required power levels. (33) Correspondence with LIPS N.V. 
(Propellers, Inc.), Sulzer Brothers and Bird-Johnson (KaMeWa) indicate 
that a controllable pitch propeller at these power levels could be 
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manufactured and operate successfully. A picture of the KaMeWa design is 
shown in Figure 3.11 (3^). Bird-Johnson Company provided two possible 
designs at this horsepower range, a four-bladed design and a five-bladed 
design. (35) The four-bladed design was chosen as it had the smaller 
diameter — this constraint is dictated by the draft of the ship when 
lightly loaded. The results of the feasible propeller characteristics 
appear in Table 3.5 (35). 

Due to engine room length constraints , the hydraulic assembly and 
oil distribution box assembly are located along the shaft instead of 
directly after the main thrust bearing, which would be most desirable 
from a maintenance standpoint. 



3.3 Steam Generator and Steam System 

3.3.1 Waste Heat Recovery Steam Generator 

A schematic of the waste heat recovery steam generator (HRSG) or 
boiler is shown in Figure 3.12 (36). A brief description of this com- 
ponent and its location in the cycle was shown in Section 3.1. Steam 
generating capability is a function of the exhaust gas flow, the average 
temperature entering the unit, the steam conditions desired and the 
thermal effectiveness. See Figure 3.13 (37). The thermal effectiveness 
is defined as the ratio of total energy recovered to total energy avail- 
able for steam generation, that is: 



Where: 

Effectiveness = ^ T (38) T^ = Exhaust gas temperature 

1 3 entering the HRSG 

T 2 = Exhaust gas temperature 
leaving the evaporator 
T 3 = Saturation temperature 
at steam drum pressure 
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Figure 3.11 KaM e W a Controllable and Reversible Pitch Propeller (34) 
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TABLE 3.5 (35) 50,000 SHP K A M £ W A FOUR-BLADED CONTROLLABLE 

AND REVERSIBLE PITCH PROPELLER 



Number of Blades 


4 


SHP 


50000. 


DHP 


48500. 


RPM 


140. 


Knots 


26.00 


Wake' 


0.100 


Prop Diameter (ft) 


22.3 


Hub 


211. S/4 


DH/D (%) 


31.03 


EAR 


O’. 752 


P/D, Design 


1.031 


P/D, Max Forward 


1.134 


P/D , Max Aft 


1.031 


Class 


DNV 


Ice Class 


None 


Ultimate Strength (psi) 


85000. 


Blade Thickness Fraction 


0.0687 


T - Tip (inches) 


0.960 


T - Hub (inches) 


12.97 


Reduction 0.7R 


0 . 


Wt - Blade and Flange 


19300. 


Wt - Propeller 


136700. 


WR2 - Blade (lb-ft 2 ) 


2720000. 


WR2 - Propeller (lb-ft^) 


12710000. 


P/D 


1.031 


ETA Prop 


0.624 


Thrust (lbs) 


415000. 


Cavitation Margin 


0.174 


BP 


11.4 


Delta 


133.5 


KQ 


0.0300 


J 


0.759 


Sigma 0.85 


1.92 


Sigma' 0.85 


1.11 


T/KT 


1216482. 
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Figure 3.12 Waste Heat Recovery Steam Generator (36) 
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Figure 3.13 Relative Effect of Air Flow and Gas Temperature on Steam Flow (37) 
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For “boiler conditions at full power shown in the supercharged cycle, the 
effectiveness is 0.875* 

The "basic thermodynamic principle is "best shown in Figure 3.1^ (39) • 
Gas turbine exhaust temperature and stack temperatures are plotted as a 
straight line above the steam generation line, which is broken into three 
segments — economizer, or preheating, evaporator and superheater. This 
curve represents the normal ’heat added’ portion of the Rankine cycle. 
Temperature and pressure are raised in the economizer section until the 
saturation temperature is reached, heat continues to be added (horizontal 
line) as the saturated liquid becomes saturated vapor, and finally the 
temperature and pressure rise rapidly into the superheated region. Note- 
worthy in the diagram is the approach temperature at the beginning of the 
evaporator section — the so-called "pinch point" which, in this cycle, was 
30° F. Initial feasibility designs for this cycle selected a steam pres- 
sure level of 600 psig; this was reduced to a drum operating pressure of 
U75 psig (^50 psig line pressure) in order to reduce maintenance costs and 
lower stack temperature to make a more efficient cycle. The design of a 
heat recovery steam generator becomes an iterative one in order to optimize 
the cycle, and the General Electric Company provided output data as shown 
in Table 3.6 using their Performance Program for Heat Recovery Steam 

Generators. (^0) The desire to lower stack temperature was not realized 
as the output data shows — a lower steam pressure probably would have 
brought the stack temperature down and made for a more efficient cycle. 

The importance of stack temperature in waste heat boilers cannot be over- 
emphasized, as "cold end corrosion" in the economizer section can cause 
complete boiler failure. This is caused when the sulfur in the fuel 
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Figure 3.14 Temperature Relationships in Heat Recovery Steam Generator (39) 



-65- 



TABLE 3.6 (40) HEAT RECOVERY STEAM GENERATOR PERFORMANCE 



Boiler Pressure (HRSG) 475 psig, 450 psig at throttle 







FULL POWER 


17 KNOTS 


12 KNOTS 


*(1) 


Gas Temperature (exhaust) ° F. 


853 


703.5 


624.5 


*(2) 


Gas Flow (exhaust) lh /hr 

(3% leakage loss in bypass) 


1,252,253 


856,000 


826,000 


(3) 


Superheater Steam Flow, lb /hr 


102,000 


39,650 


24,930 


(4) 


Steam Temperature — Supht ° F. 


750 


680 


620 


(5) 


HRSG Back Pressure, "^0 


9" 


4.4" 


4.1" 


(6) 


Stack Temperature, ° F. 


355 


375 


400 


(7) 


Recirculation Flow, lb /hr 
(through economizer) 


96,000 


43,000 


27,000 


(8) 


Gas Temp., Leaving Superheater, 


°F . 800 


680 


615 


(9) 


Gas Temp. Leaving Evaporator, ° 


F. 510 


480 


475 


*(io) 


Saturated Steam Flow, lb /hr 


15,000 


15,000 


10,500 



*Given inputs 



- 66 - 



condenses with water at the dewpoint temperature and forms sulphuric 

acid, which attacks the tubes. A diagram of this relationship is shown 

in Figure 3.15 (4l). Since Navy distillate has a maximum sulfur content 

o 

of 1.3/5, the stack temperature could have been reduced to 270 F. In 

any event, this was not done, and the stack temperature at full power re- 

o 

mains a conservative 355 F. 

A formal description of the waste heat boiler would call it a verti- 
cal gas flow forced circulation unit with three separate heat transfer 
sections. (36) Heat is transferred by forced convection with the various 
sections arranged in counterflow. The evaporator and economizer sections 
are fitted with circulation pumps. Forced circulation in the evaporator 
section (Figure 3.12) allows the vertical gas installation and makes a 
more compact steam generator. It also maintains constant flow to the 
evaporator over the full range of steam output, eliminating the possibility 

of stagnation in the evaporator section. The economizer is fitted with a 

. o 

recirculation pump to raise the feed temperature and inlet from 105 F. to 

. o 

240 F. This is done to prevent corrosion in the economizer and ensure 
longer life. 

The heat transfer surface is mounted inside a frame made of 3 A inch 
plate. All tube return bends and the various headers associated with each 
heat transfer section are located in casing boxes outside the gas flow 
container. The casing boxes are welded to the unit frame resulting in a 
gas-tight container. The economizer and evaporator use extended finned 
tubes. The fins are continuously wound and welded on the tube in a single 
operation. Evaporator and economizer tubes are made of carbon steel, one 
inch in diameter, wall thickness of .095 in. and a fin outside diameter of 
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2.0 inches. 

The steam drum is of conventional design. Internal distributions 
systems are provided for the feedwater, water sampling and chemical feed. 
Centrifugal separators are located in the drum to reduce the total solids. 

The size of the waste heat boiler for this cycle has external dimen- 
sions of 11 ft. by h2 ft. by 12 ft. in height. The gas passage is 9 ft. 

*by 35 • 5 ft., with duct sizes of 10 ft. by 12 ft. A by-pass duct to al- 
low for underway maintenance is 10 ft. by 10 ft. The heat recovery steam 
generator weighs 170,000 pounds dry and 210,000 pounds when filled with 
water. ( Uo ) 

3.3.2 Steam Driven Supercharger, Turbogenerators and Feed Pumps 

The supercharger compressor is directly driven by a steam turbine 
with throttle pressure of 1*50 psig. The turbine is a twelve-stage, 
single-flow, impulse turbine with a higher reaction last stage. (U2) The 
steam rate (lbs steam/BHP-hr ) is 6.95 and the turbine expands directly 
into the main condenser at 2" Hg absolute pressure. The turbine will be 
able to operate at varying steam pressures as the steam cycle is a pressure 
controlled cycle, that is, line pressure is held constant at U50 psig for 
the turbogenerators and feed pumps. Steam supply and demand is controlled 
by a pressure regulating valve, which may admit steam to the supercharger 
turbine or dump it to the main condenser via breakdown orifices and nozzles. 

Each engine room will contain two ship r s service turbogenerators rated 
at 1500 KW, U 50 volt, 3-phase, A-C static excited, static voltage controlled 
similar to those presently installed in the A0E-1. The multistage turbine 
will receive steam at full superheater outlet pressure and temperature and 
exhaust to the main condenser. The turbine is provided with sequential 
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valve gear and an integral speed governor. A single reduction gear 
couples the turbine to the generator. 

The main feed pumps (two) are horizontal two-stage centrifugal 
direct connected and driven by superheated steam at k^O psig. Each of 
the pumps is designed to handle all of the feed water requirements of 
the waste heat boiler at full power, delivering feed water to the econo- 
mizer at 700 psig. The steam turbine is a single-stage unit designed to 
supply steam for the maximum rating of the pump, and steam is exhausted 
directly into the main condenser. The main feed pumps are provided with 
a pneumatically operated constant pressure governor. An automatic re- 
circulating valve will close when the pump capacity exceeds approximately 
half the normal rating. 

3.3.3 Vital Auxiliaries 

3.3.3-a. Main Condenser and Condensate and Feed System 

The main condenser characteristics and size may be found in Table 
3.7. As summarized from Appendix A, the main condenser receives steam 
from the supercharger turbine, the turbogenerator sets, and the main feed 
pumps. It must also be capable of receiving f dump l steam depending upon 
the supply and demand of the plant. Low pressure drains are admitted di- 
rectly to the hotwell, as shown in Figure 3.1. The condenser is single 
pass, designed for scoop circulation with water velocity in the tubes of 
9 ft. per second at normal power. Tube and tube sheet material is 90-10 
copper-nickel. The shell is of fabricated steel, and tube inlet ends are 
fitted with plastic inserts. The main condenser must be able to deaerate 
the water completely by using deaerating trays and baffles under the tube 
bundle, similar to the DeLaval design used aboard submarines. Additionally, 
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TABLE 3.7 CONDENSER CHARACTERISTICS (FULL POWER) 
(See Appendix A) 



Tube Size: 

Material: 

Number of Passes: 

Vacuum: 

Effective Tube Length: 
Steam Rate (max): 

Injection Temperature: 
Inlet Water Velocity: 
Circulating Water Rate: 
Condensing Surface Area: 
Heat Transfer Coefficient: 
Number of Tubes: 

Water Box Depth : 

Condenser Length: 

Condenser Width: 

Condenser Height: 

Hotwell Capacity: 



5/8" 18 Gauge 
90-10 Copper-nickel 

1 - Scoop injection 
2" Hg (1.0 psia) 

10 feet 3 inches 
117,000 Ibs/hr 
67° F. 

9 feet/second 
14,500 G.P.M. 

4000 ft 2 

615 Btu/hr-ft 2 ° F. 
2,370 

2 feet 7 inches 
15 feet 6 inches 
6 feet 5 inches 
6 feet 5 inches 
31.4 ft®/min 
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the condenser must be capable of maintaining vacuum when large quantities 
of steam are dumped. This is accomplished via multiple breakdown orifices 
and nozzles within the shell. This practice is used widely in industry 
without adversely affecting the steam cycle. 

Vacuum is maintained with two mechanical and automatic vacuum pumps 
instead of the usual steam air ejector system. They are complete with 
motor, seal tank, air ejector and salt water-cooled heat exchanger. The 
cycle uses two motor driven main condensate pumps which are mounted on 
and supported by the main condenser. Each pump will have the capacity to 
pump all condensate at maximum power with the other pump as a standby. 
Discharge pressure to the suction side of the main feed pump is 60 psig. 

Details of the specifications for the above components and other 
auxiliaries associated with the feed and condensate system may be found 
in Appendix D. , List of Equipment and Specifications. 

3.3.3-b. Auxiliary Boiler 

The auxiliary boiler for use when not running the main steam cycle 
is shown in Figure 3.16 (43). It is of the two-drum welded waterwall type 
with a furnace section, a welded screen tube bank, and a main bank. The 
boiler is rated at 135 psig and 30,000 lbs /hr. The boiler is a Combustion 
Engineering V2M design, with characteristics as listed in Table 3.8 (43). 



TABLE 3.8 (43) Auxiliary Boiler Characteristics 



Steam Drum Pressure: 
Total Evaporation Rate 
(Saturated) 

Total Steam Temperature: 
Efficiency: 

Oil Firing Rate: 

Air Flow and Temperature 
Exhaust Gas Flow: 

Total Draft Loss : 

Excess Air: 

Furnace Release Rate: 



135 psig 



30,000 lbs /hr 
358° F. 

Qo% 

2075 lbs /hr 
7,790 CFM g 100° F. 
35,300 lbs /hr 
7.7 in. water 

15 % 



155,300 Btu/hr-ft 3 



K >‘-0 
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Figure 3.16 Auxiliary Boiler Design (43) 
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3.4 Power Plant Control and General Plant Operation 

3.4.1 General Method of Control at Full Power, No Load and Full 
Astern (44) (45) 

The operation of the supercharged cycle using a heavy-duty gas 
turbine may be looked at as the control of two separate but yet integrated 
systems — the gas turbine section and the steam cycle. Figure 3.17 (46) 
shows the schematic for control of the plant. The dotted line horizontal- 
ly dividing the schematic indicates the approach of looking at each section 
separately. The General Electric Company uses a Speedtronic control system 
to operate its gas turbines — the control approach that follows describes 
this method since their gas turbine was selected for the analysis. Con- 
trols have been modified on the steam cycle to operate the supercharger 
compressor, turbogenerators and main feed pumps. 

Looking at Figure 3.17, it may be seen that the gas turbine is con- 
trolled by manipulating two parameters: 1) fuel flow to the combustors, 

and 2) the angle of setting of the variable angle nozzles. Fuel flow out- 
put is proportional to the product of compressor speed and an electrical 
voltage, termed VCE. The VCE voltage is produced by four parallel elec- 
tronic control loops operating through a minimum gate valve. The first 
loop is the exhaust temperature control loop which is able to limit the 
VCE when the exhaust temperature reaches its maximum allowable value for 
the existing conditions. The second loop is the load or low pressure 
turbine speed loop which reacts similarly when the load turbine reaches 
rated speed setpoint, i.e., it becomes the controlling variable. The third 
loop is the start-up loop, which regulates the turbine during start up when 
the other input parameters (exhaust temperature and LP turbine speed) are 
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Figure 3.17 Gas Turbine — Steam Cycle Control System (46) 
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not limiting factors. 

The fourth loop, compressor speed, is necessary because if the fuel 
flow to the two shaft gas turbines is constant, the output power of the 
low pressure turbine remains the same and independent of low pressure 
turbine speed. Fuel flow is proportional to the product of the VCE and 
compressor speed. In order to control power, then, the fourth loop is ad- 
ded which has the power command (which may include pitch) signal as a set- 
point and the product of compressor speed and VCE as feedback. See Figure 
3.18 (47). The action of this loop is the same as the others; if its out- 
put is lowest, it becomes the dominant parameter controlling VCE. The 
minimum power bias provides the VCE required to keep compressor speed at 
80% as a minimum. 

Looking again at the temperature control loop again at the top of 
the schematic, it is recalled that the variable angle nozzles are control- 
ling the compressor speed. Since exhaust temperature is sensitive to the 
mass rate of flow of air (related to compressor speed) , it is possible to 
hold exhaust temperature at the desired level (just below the maximum) by 
controlling compressor speed. This enables the two-shaft machine to give 
good part-load fuel rates. Operating characteristics using this control 
system are shown in Figure 3.19 (48). From no load to 45% load, compressor 
speed is held at a minimum of 80% using the variable angle nozzles. At 
the same time, firing temperature and exhaust temperature are rising as 
fuel flow increases and the fuel/air ratio increases. Past the 45% load 
rating, the exhaust temperature exceeds the nozzle control setpoint, the 
nozzle loop increases the high pressure turbine energy and compressor speed 
and thus the exhaust temperature lowers back to the setpoint after this 
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Figure 3.19 Operating Characteristics of Two Shaft Gas Turbine (48) 
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transient has passed through the control loops. Up to full load, the 
steady state exhaust temperature remains constant and compressor speed 
increases with higher fuel flow. When the compressor reaches 100% speed, 
the control limit is reached and fuel flow tends to increase along with 
exhaust temperature. The increased exhaust temperature decreases the ex- 
haust temperature fuel control loop output voltage below the rest of the 
other loops — it therefore becomes the controlling variable. 

The lower half of the control schematic shows the steam cycle con- 
trols. Not shown are the normal standard control systems for the HRSG 
drum level and other auxiliaries. The basic component to be controlled is 
the supercharger speed since it is related to gas turbine power. The 
basic philosophy in the control of the steam cycle is pressure control, 
that is, line pressure is held at 450 psig to supply steam at 450 psig 
to the T-G sets and the main feed pumps. 

Figure 3.17 also shows an SCE gate, analagous to the gas turbine 
control system. It has three input loops and one output loop, which is 
the position command for the steam turbine control (steam throttle and 
condenser dump valves). The first input limit, called minimum pressure 
override, regulates steam flow from the waste heat boiler to ensure that 
450 psig line pressure is held. The second loop is supercharger speed 
control, which becomes the controlling variable if supercharger speed 
reaches 100%. The third loop is the minimum VCE from the gas turbine con- 
trol circuit which allows the gas turbine to overide^ steam flow in order 
to provide minimum input to the propeller by changing steam to the super- 
charger compressor and therefore airflow to the gas turbine. The coupling 
between the two control systems is the power/steam line pressure 
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connection. If steam line pressure is made an input to the gas turbine 
fuel flow signal at the power control loop, then total input power to the 
propeller is regulated. 

To look at the actual response of the gas turbine, we shall take the 
case of the ship underway at full power, then a speed reduction to 45%, 
or 21 knots, approximately 100 RPM. The power lever on the bridge is re- 
duced introducing a signal to the VCE gate. Note that propeller pitch 
remains fixed at a maximum until about 45% power, thus a change in power 
input does not necessarily mean a reduction in propeller pitch. Fuel flow 
is now cut back by the load turbine governing system, i.e. , variable angle 
nozzles. The variable angle nozzles begin to close, slowing down the com- 
pressor speed, yet holding exhaust temperature constant. As compressor 
speed slows down, gas flow to the heat recovery steam generator goes down, 
and the boiler line pressure tends to fall. The steam line pressure bias 
tends to close the dump valve to the main condenser; however, the VCE in- 
put to the SCE gate tends to also close down the steam valve to the super- 
charger to reduce supercharger speed, pressure ratio, and air flow going 
to the main gas turbine. This signal, therefore, overides the dump valve 
control, which then readjusts to keep line pressure constant during this 
transient condition. Further reduction in power changes the propeller 
pitch, and compressor speed reaches its minimum value at 80% rated speed. 
The variable angle nozzles now begin to open, fuel flow is further reduced, 
lowering exhaust temperature. The steam pressure falls off with reduced 
exhaust temperature, the supercharger control valve closes to reduce super- 
charger speed, and the dump valve settles out at an equilibrium setting to 
maintain line pressure. At very low power levels, the supercharger control 
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valve would be closed off completely (except for cooling steam to the 
turbine) and the dump valve would be nearly fully closed to keep line 
pressure constant. It is anticipated that both turbogenerators and feed 
pumps can function with steam pressures as low as 300 psig, and while this 
is not desirable, the plant would still be able to perform. 

At the condition of full power astern, the system sees the same con- 
ditions as at full power ahead except for the fact that the propeller 
thrust is in the full astern position. Figures 3.20 and 3.21 (49) (50) 
show what the bridge control and engine room control panels might look 
like. While control would normally be on the bridge, the engine room 
would have a positive overide capability if emergency conditions warranted 
such an action. The typical sizes and weights of the control panels are 
shown in Figure 3.22 (24) and a typical annunciator/indicator section of 
the engine room control panel is shown in Figure 3.23 (24). 

3.4.2 17-Knot Endurance and 12-Knot Replenishment Plant Ratings 

Table 3.1 indicated the critical parameters in the supercharged cycle 
for all conditions investigated, i.e., full power, 17-knot endurance speed 
and 12-knot replenishment speed. Figures 3.24 and 3.25 show these off- 
design power plant ratings. The method of analysis for these conditions 
may be found in Appendix A., Thermodynamic Considerations of the Cycle. 

Figures 3.26 and 3.27 (51) show AOE-1 class shaft horsepower, ship 
speed and shaft RPM relationships. 
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Figure 3.20 Bridge Console (49) 



-82- 




Figure 3.21 Engine Room Console (50) 
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Figure 3.22 Bridge and Engine Room Consoles, Sizes and Weights 



Figure 3.23 Standard - Annunciator Arrangement 
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4. RELIABILITY, AVAILABILITY AND MAINTENANCE ANALYSIS 



Reliability 

The ability of any plant to function when required often separates 
the good plant on paper from the truly outstanding means of propulsion. 
While there is much disagreement among experts within the power indus- 
tries concerning the best method to define and approach the problem, 
there are some generally accepted concepts with which to work. 

Reliability has always been of paramount importance in ships, partic- 
ularly in a nation’s warships, where the national interest makes reliable 
systems a must. Offsetting this demand for greater and greater reliability 
is the technological complexity which has found its way into marine pro- 
pulsion plants, just like other modern systems. Thus the marine designer 
must always be cautious not to compromise reliability. The supercharged 
gas turbine plant described in Chapter Three is an example of the integra- 
tion of components into a relatively complex propulsion system. How does 
it stand up in the area of reliability? 

Reliability is generally defined as the following ratio: 

R= installed hours — (scheduled 6 unscheduled outage) 

Installed hours 

This reliability is called running reliability, or operating reliability, 
as opposed to starting reliability. Starting reliabilities are generally 
lower than running reliabilities, but for purposes of analysis, we shall 
consider operating reliabilities. Parenthetically, it is noted that the 
General Electric Model Series 5000 has had a starting reliability of 96.6% 
measured at random land-based machines during the last four years. (52) 



-90- 



The reliability formula used in this analysis is: (53) 

R = where: e = 2.71828, a constant 

X = Failures per hour of run- 

ning time, also the reciprocal of 
Mean Time Between Failures, 1/MTBF 
t = Period of time for the voyage run 
at a constant level of power. 

Reliability of items combined in series is such that all components must 
work satisfactorily in order to obtain the required performance. The com- 
bined reliability for a series of three components is: 

R = e “( X l + X 2 + X 3 )1: 

With this method, the values of X are shown in Table 4.1 and added. 

A more detailed analysis would consider redundant systems (e.g., two pumps 
in parallel) but for gross calculations, all component failure rates are 
considered additive: 

^’Failure rate x 10 6 hours (53 )(54 ) 



Model Series 5000 Gas Turbine 69.4 
Heat Recovery Steam Generator 15.0 
Supercharger Steam Turbine 6 Compressor 11.0 
Intercooler 3.0 
Reduction Gear 0.7 
Main Shaft and Bearings 0.5 
Controllable and Reversible Pitch Prop. 16.0 
Deaerating Main Condenser 4.0 
Ship’s Service Electrical System 21.5 
Main Feed Pump 8.0 
Main Condensate Pump 6.0 
Main Condenser Vacuum Pumps 6.0 
Main Lube Oil Cooler 2.0 
Main Circulating Water Pump 4.0 



167.1 



TABLE 4.1 Failure Rates of Major Components 
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For the purpose of this calculation, a ten-day voyage was chosen, i.e., 

240 hours. Using this number, the reliability of the system is calculated: 

R 10 = e-n67.1 X l0-6)(2.40 x 1 0 2) = e -.0402 = 0 .9608 
For a twenty-day period, the reliability of the system is calculated: 

R 20 = e-' 167 ' 1 x 10_6)(4 ' 80 * lo2 > = e-" 804 - 0.9237 

The failure rate for the gas turbine comes from land-based data, and a cor- 
rection is therefore made for the combined cycle in the marine environment 
by reducing the reliability figures by 1% in each case. The reliabilities 
thus become: (See Figure 4.1) 

10-day voyage: R = 0.9512 

20-day voyage: R = 0.9145 

Availability 

Availability is essentially a measure of the total time a plant is out 
of operation, both for scheduled and unscheduled maintenance. It is there- 
fore defined as the following ratio: 

A = Installed hours — (scheduled & unscheduled maintenance) 

Installed hours 

The following figures represent approximate values for forced and 

scheduled outages for the Frame 5 gas turbine and steam plant. 

Scheduled Unscheduled Maintenance 

Maintenance (52 )(54 ) (Forced outage) (52 ) (54) 

GAS TURBINE SYSTEM 
(Major, minor and 

service inspections) 148 hours 157 hours 

STEAM CYCLE 40 hours 20 hours 



TOTAL HOURS: 



188 hours 



177 hours 



-92- 




Xq.xixqBTi9H ‘y 



Figure 4.1 Supercharged Power Plant Reliability 
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The availability, then becomes (for' installed hours equal to one year): 



A = 8760 - (188 t 177) = 95 . 6% 

8760 

Maintenance 

Gas Turbine System--The combustion gas turbine, as with any rotating 
power turbomachine requires a program of planned periodic inspections and 
replacement of parts in order to maintain operational reliability. The 
major structural components of the heavy-duty gas turbine are designed 
from long-established concepts derived from steam turbine technology. A- 
longwith the maintenance of the gas turbine itself, fuel and lube oil 
systems, control devices and other auxiliaries (such as the starting motor) 
require servicing from time to time. All of these functions may be per- 
formed in place — similar to the steam and diesel engine. This is in con- 
trast to the replacement philosophy in which the entire unit is removed and 
returned to the factory for repair. With in-place repair, minor repairs 
and replacements are easily performed which would otherwise require complete 
removal and substitution. 

It is worthwhile to review at this time the basic features of the 
heavy-duty gas turbine which make it so readily accessible and maintainable. 
They are: (55) 

1 ) All casings, both turbine and compressor, are split on the 

horizontal centerline and may be lifted individually for 
access to all internal parts. 

2 ) With the upper half of the compressor casing removed, all 

stator blades can be slid circumferentially out of the 
casings for inspection or replacement. This can be 
readily accomplished even with the rotor in place. 
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3. With the upper half of the turbine shell lifted, both halves 

of the first-stage nozzle assembly may be removed for in- 
spection or repair, with the rotor in place. The inter- 
stage diffuser and diaphragm may also be removed by first 
removing the radial locating pins. The variable -angle 
second-stage nozzle can then be removed radially inward, 
after the actuating levers and inner side walls have 
been removed. 

4. All turbine buckets are moment weighed and charted for as- 

sembly so that, in an emergency, they can be replaced 
without rebalancing the rotor. Normally, the rotor 
balance should be checked after replacing any parts. 

5. All bearing housings and liners are split on the horizontal 

centerline so that they may be inspected and replaced 
when necessary. The lower half of the liners may be re- 
moved with the rotor in place. 

6. All seals and shaft packings are separate from the main hous- 

ings and may be readily removed and replaced. 

7. Fuel nozzles and combustion liners can be removed for inspec- 

tion, maintenance, or replacement without lifting or mov- 
ing any of the casings. Removable cover plates close the 
ends of each combustion chamber. 

8. All major accessories, as well as filters and coolers, are 

separate assemblies that are readily accessible for in- 
spection or maintenance. They may also be individually 
replaced if necessary. 
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There are four major inspection schedules which are recommended for the 
industrial gas turbine. (56) They are: 

a) Running inspections 

b) Service inspections 

c) Minor inspections 

d) Major inspections and overhaul 

The running inspection, as the name implies, is the day-to-day observa- 
tion of temperatures, pressures and other indications which go to make up 
the critical check points for the operation of a high-speed turbomachine. 

These tasks would be performed by ship's force while on watch, under the 
supervision of the Engineering Officer of the Watch (see Appendix F). 

The service inspection consists of a short shutdown period to inspect 
combustion liners and fuel nozzles. A fouled combustion system can result 
in much shortened life of the downstream turbine nozzles and blading. This 
inspection is done at approximately 6000-hour intervals. See Figure 4.2 (57). 

A minor inspection is carried out at the 12,000-hour point. This is 
basically a hot-gas inspection and includes a visual inspection of the tur- 
bine nozzles and buckets. The top half of the turbine shell must be re- 
moved to accomplish this. See Figure 4.3 (58). 

The major inspection or overhaul is normally at the 24,000-hour mark. 

This includes all inspections done in the service and minor inspections 
plus a look at the compressor blading and all bearings. See Figure 4.4 
(59). See also Table 4.2 (24). 

Recommended spares are listed in Table 4.3 (60). 

Steam Generation System- -The major item of concern here is the heat recovery 
steam generator. The waste heat boiler gas sides are prone to fouling 
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Figure 4.2 Estimated Service Inspection Schedule (57) 
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Figure 4.3 Estimated Minor Inspection Schedule (58) 
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CASINGS AND INSPECT BLADING. 
INSPECT BEARINGS. 
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TABLE 4.2 Estimate of Maintenance Schedule (24) 



Cumulative Hours 
Operation 


Man Hours 
Required 


Work Per- 
formed by 


Description 


4,000 


6 


Crew 


Remove F.0. nozzles for repair 
aboard ship 


6,000 


6 


Crew 


Inspect combustion liners, 
transition pieces and 1st- 
stage nozzles 


8,000 


6 


Crew 


Remove F.0. nozzles for repair 
aboard ship 


12,000 


24 


Supervised 

Crew 


Replace combustion liners and 
transition pieces 




64 


Supervised 

Crew 


Replace first-stage nozzles 




i 


Crew 


Remove F.0. pump for repair 




i 


Crew 


Remove flow divider for repair 




6 


Crew 


Remove F.0. nozzles for repair 
aboard ship 


16,000 


6 


Crew 


Remove F.0. nozzles for repair 
aboard ship 


18,000 


6 


Crew 


Inspect combustion liners , 
transition pieces and Ist-stage 
nozzles 


20 ,000 


6 


Crew 


Remove F.0. nozzles for repair 
aboard ship 


24,000 


6 


Crew 


Remove F.0. nozzles for repair 
aboard ship 




24 


Supervised 

Crew 


Replace combustion liners and 
transition pieces 




128 


Supervised 

Crew 


Replace lst-stage and 2nd-stage 
nozzles 




300 


Supervised 

Crew 


Inspect lst-stage buckets; re- 
pair as necessary 
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Cumulative Hours 
Operation 


Man Hours 
Required 


Work Per- 
formed by 


Description 


28,000 


6 


Crew 


Remove F.0. nozzles for repair 
aboard ship 


30,000 


6 


Crew 


Inspect combustion liners, 
transition pieces and 1st- 
stage nozzles 


32,000 


6 


Crew 


Remove F.0. nozzles for repair 
aboard ship 


36,000 


24 


Supervised 

Crew 


Replace combustion liners and 
transition pieces 




64 


Supervised 

Crew 


Replace first-stage nozzles 




1 


Crew 


Remove F.0, pump for repair 




1 


Crew 


Remove flow divider for repair 




6 


Crew 


Remove F.0. nozzles for repair 
aboard ship 


40,000 


6 


Crew 


Remove F. 0. nozzles for repair 
aboard ship 


42 ,000 


6 


Crew 


Inspect combustion liners, 
transition pieces and 1st- 
stage nozzles 


44,000 


6 


Crew 


Remove F.0. nozzles for repair 
aboard ship 


48,000 


6 


Crew 


Remove F.0. nozzles for repair 
aboard ship 




24 


Supervised 

Crew 


Replace combustion liners and 
transition pieces 




128 


Supervised 

Crew 


Replace lst-stage and 2nd-stage 
nozzles 




300 


Supervised 

Crew 


Inspect first-stage buckets; 
repair as necessary 



(TABLE 4.2) 
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TABLE 4.3 


RECOMMENDED SHIPS 


SPARES REQUIREMENTS PER ENGINE 




MARINE TWO- 


-SHAFT 


GAS TURBINES 


— (FIRST 24, 000 -HOUR OVERHAUL) (60) 




PARTS LIST 




NO. SPARES 


PARTS LIST NO. 


SPARES 


COMBUSTION 






BEARINGS (Cont'd.) 




Cap £ liner 




12 


#4 Bearing liner 


1 


Crossfire tubes 




12 


Deflector 


1 


Sight glass 




12 


Air deflectors 


2 


Gaskets 




12 






Retaining rings 




80 


LUBE OIL SYSTEM 




Sealer SP 




12 






Transition piece 




2 


Main lube oil pump 


1 


Fuel nozzle 




12 


Pump gear 


2 


Spark plugs 




12 


Bearings 


4 


Gaskets (plugs) 




12 


Retaining rings 


2 


Cores 




2 


Bearing feed/drain gaskets 


15 








Auxiliary lube oil pump 


1 


FUEL SYSTEM 






Impeller 


1 








Ball bearings 


3 


Fuel oil stop valve 


1 


Coupling 


1 


Packing 




2 


Coupling bolts 


6 


Klozure gasket 




1 


Bearing seals 


2 


Rings 




2 


Oil tanks internal gaskets 


15 


Valve seat 




1 


Oil tanks external " 


10 


Valve disc 




1 


Filters, (duplex) main 


2 


Oil seal 




1 


Control oil filters 


1 


Gasket 




1 


Control oil gaskets 


2 


Connector tubing 




12 






Check valve 




12 


COUPLINGS 




Unions 




36 






Fuel pump 




1 


Load gear 


1 


Flow divider 




1 


Accessory drive 


1 


Ignition transformer 


2 


Starting gear 


1 


Flame detector 




2 


Coupling bolts 


8 


Spark plug leads 




2 


Coupling nuts 


8 


Filters (duplex) 




2 






Gaskets (system) 




15 


COOLING SYSTEM 




BEARINGS 






Water pump 


1 








Seals 


2 


#1 Bearing liner 




1 


Bearings 


2 


Deflector 




1 


Gaskets (system) 


50 


Thrust shoes 




2 sets 


Impeller 


1 


#2 Bearing liner 




1 






Deflector 




2 


CONTROL SYSTEM 




#3 Bearing liner 




1 






Deflector 




2 


"SPEEDTRONIC" control cards 


250 
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TABLE 4.3 (Continued) 

PARTS LIST NO. SPARES 



CONTROL SYSTEM (Cont'd.) 

Fuses 15 
Resistors 50 
Lamps (indicator) 30 
Control switch type SBM 10 
Thermocouples (exhaust control) 12 
Exhaust trip 6 
Turbine Int. wheel space 2 
Turbine shell 1 
Nozzle 4 

TOOLS 

"SPEEDTRONIC" calibrator 1 
Frahm tachometer 1 
Vibration indicator (light beam) 1 
Volt/amp meter hook-on 1 
Bores cope 1 
Card puller 1 
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depending on which type of fuel is burned. Soot blowers are installed in 
the boiler to periodically clear away soot and other products of combus- 
tion which tend to reduce the life and efficiency of the boiler. Water- 
side chemistry for the boiler is also of utmost importance as the success- 
ful operation of steam generating equipment depends upon a rigid control 
of feed water to assure freedom from scale formation and corrosion of 
steam contacted surfaces. The three most critical items to be controlled 
are hardness (0 ppm), oxygen (.007 ppm), and alkalinity (8.0 p.H). Boiler 
water hardness is generally controlled with combinations of trisodium phos- 
phate and other sodium and phosphate compounds. These form a sludge which 
may be removed from the boiler by frequent blowdowns. The oxygen is kept 
under control through the deaerating condenser (no deareating feed tank), 
and by the addition of sodium sulfite. The latter method of control is 
commonly used in submarine power plants. (61) 

Maintenance aspects of the other portions of the steam cycle consist 
of normal routine maintenance as with any steam plant. Steam turbines are 
essentially maintenance free — thus the bulk of the maintenance requirements 
would revert to pump repacking, reseating valves, rewinding motors and look- 
ing for water leakage. The relatively low pressure of 450 psig should make 
the plant relatively easy to maintain. 

Maintenance Costs 

It is estimated that most of the work on the cycle will be able to be 
accomplished by a well 1 - trained ship T s force. Some technical supervision 
will no doubt be required to assist from time to time with the gas turbine, 
and this need is reflected in the estimated maintenance costs. 
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GAS TURBINE (52) (54) 



TOTALS : 



Annual charge £ technical assistance 
Parts and repair @ 5,40 per fired hour 


$10,500 




x two plants for 5250 running hours 


56 ,600 




STEAM SYSTEM: (54) 


$67,100 


$67,100 


Technical assistance 


$ 2,500 




Parts and repair 


37,500 






$40 ,000 


$40,000 



$107,100 
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5. LIFE CYCLE COSTS COMPARED WITH PRESENTLY- INSTALLED STEAM PLANT 

The costing of power plants on a comparative basis is not an easy 
task 5 as cost data varies from reference to reference and thus any analy- 
sis tends to be a subjective one. While there are many sources , the pri- 
mary one was the General Electric Company estimates, (54 ) (60 ) tempered 
with other economic studies. The basic philosophy was to approach costs 
on the high side, as much of the data is more than one year old. It 
should be noted that detailed costs are made only for the supercharged 
cycle contained in this thesis — the only attempt to make a comparison 
with the presently-installed steam plant is in the summary of total cost 
data in Table 5.1. The costing of the conventional steam plant is admit- 
tedly a gross estimate, and was made only to see whether the supercharged 
plant is within the same range. Additionally, one might like to ask the 
question, "If the Navy today decided to build an additional Fast Combat 
Support Ship, how much might a gas turbine power plant cost as compared 
with a steam plant?" 

The results of Table 5.1 show, not surprisingly, that the total of 
present worth of annual costs plus acquisition costs for the gas turbine 
plants exceeds that of the steam plant. The most significant figures are 
the fuel costs which are close to 30% higher for the steam plant. While the 
Navy historically has seemed to feel fuel is a small part of their operat- 
ing costs, five of these ships operating for twenty years represents a siz- 
able amount of money. Perhaps the Navy, in the corporate sense, should 
take a closer look at annual fuel costs. 
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ACQUISITION COSTS 
OPERATIONAL COSTS 
Annual Fuel 
Annual Maintenance 



NET PRESENT VALUE 
of operating costs 
for 20 years @ 12% 
interest : 



TABLE 5 . 1 Summary of Cost 

SUPERCHARGED CYCLE 
$19 ,557,040 



$1,804,000 

117,810 

$1,921,810 



$14,250 ,000 



Data 

PRESENTLY INSTALLED 
STEAM PLANT (GROSS EST. ) 

$11,700,000 

$2 ,419 ,000 
82,000 
$2,501,000 

$18,700 ,000 



$33,807,040 



$30 ,400,000 
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TABLE 5.2 Summary of Acquisition Costs for the Supercharged Cycle 


MATERIAL: 








a) Main propulsion, gas 
turbine and steam 
plant , per shaft 


$ 5,820,800 x 2 


shafts = $ 


11,641,600 


b) Electrical 


862,000 x 2 


shafts = 


1,724,000 


c) Miscellaneous 


236,000 x 2 


shafts = 


472 ,000 






$ 


13,837,600 


INSTALLATION: 


$ 1,834,400 x 2 


shafts = $ 


3,668,800 






$ 


17,506,400 


OVERHEAD AND ADMINISTRATIVE 


EXPENSES @ 10% = 


$ 


1,750,640 






$ 


19,257,040 


TRIALS : 




$ 


300,000 



$ 19,557,040 
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TABLE 5.3 Detailed Breakdown of Acquisition and Installation Costs 



(Per Engine Room) 

(Detailed list of equipment may be found in Appendix E) 



ACQUISITION (54X6O) INSTALLATION (54) 

MAIN PROPULSION 

a. General Electric MS 5322B 
gas turbine, inlethouse 6 
demister, Speedtronic con- 
trols, propulsion control 
bridge remote, dual L.O. 
coolers S standard acces- 





sories 


$ 2 , 020,000 


$ 95,000 


b. 


Reduction Gear 


860 ,000 


60,000 


c. 


Supercharger turbine 6 
compressor 


788,000 


10,000 


d. 


Heat recovery steam 
generator 


500 ,000 


95 ,000 


e . 


Auxiliary boiler 


40 ,000 


15,000 


f. 


Ductwork 


91,000 


210,000 


g- 


Intercooler 


120,000 


11,000 


h. 


Deaerating condenser 


140,000 


9,600 


i. 


Vacuum pumps 


16 ,800 


2,000 


j- 


Salt water circulating pump 


40 ,000 


4,000 


k. 


Controllable pitch propeller 
and shafting 


840 ,000 


77,000 


1. 


Piping 


162,000 


780,000 


m. 


Main feed pumps 


42,000 


4,800 


n. 


Condensate pumps 


25,000 


3,000 


0. 


Evaporators 


120 ,000 


10,000 


P- 


Air compressors 


36 ,000 


1,500 




SUBTOTALS: 


$ 5,820,800 


$ 1,387,900 
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TABLE 5.3 (Continued) 

ELECTRICAL 

a . Turb o - gene rat or s 

b. Diesel generator 

c. Wireways 

d. Switchboards 

SUBTOTALS : 



ACQUISITION INSTALLATION 



$ 


512,000 


$ 


19,000 




125,000 




10,000 




65 ,000 




96,000 


$ 


160,000 

862,000 


$ 


20,000 

145,000 



MISCELLANEOUS 



a. 


Engine Room outfit 


$ 


186,000 


$ 


180,000 


b. 


Drawings 




6,000 




48,000 


c. 


Automation (steam side 
only for acquisition) 




8,000 




72 ,000 


d. 


Shaft brake 

SUBTOTALS : 


$ 


36 ,000 
236,000 


$ 


1,500 

301,500 



TOTALS: Found in Table 5.2 



OPERATING COSTS 

a. Annual Fuel Costs — based on engine running 5,250 hours per year. 

These hours are arbitrarily broken down into the following schedule 

i. Assume 40% of time at full power = 2,100 hours 

ii. Assume 20% of time at 17 knots = 1,050 hours 

iii. Assume 40% of time at 12 knots = 2,100 hours 

i. Full Power: Navy distillate fuel X 6 2 ) 

2100 hours * ■ $4 ‘ - 35 x ■ x ~ 444 — x '100,000 SHP = $ 1,390,000 

BBL 305 lb SHP-HR * * * 
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TABLE 5,3 (Continued) 

ii. 17 knot endurance: Navy distillate fuel 

1050 hours x x x .. -jg S l b x 2 1,000 SHP = $ 171,500 

BBL 305 lb SHP-HR 

iii . 12 knot replenishment: Navy distillate fuel 

2100 hours x $4 ‘ 35 x Jl-L 8 ! x JilOk x 13,500 SHP = $ 243,000 
BBL 305 lb SHP-HR 



TOTAL: $ 1,804,000 



